Stress reduces gastric blood flow and produces acute gastric mucosal lesions. We studied the role of Angiotensin II on gastric blood flow and gastric ulceration during stress. Spontaneously hypertensive rats were pretreated for 14 days with the AT 1 receptor antagonist candesartan before cold-restraint stress. AT 1 receptors were localized in the endothelium of arteries in the gastric mucosa, and in all gastric layers. AT 1 blockade increased gastric blood flow 40-50%, prevented gastric ulcer formation by 70-80% after cold-restraint stress, reduced the increase in adrenomedullary epinephrine and tyrosine hydroxylase (TH) mRNA without preventing the stress-induced increase in adrenal corticosterone, decreased the stress-induced expression of necrosis factor (TNF-), that of the adhesion protein ICAM-1 in arterial endothelium and the neutrophil infiltration in the gastric mucosa, and decreased the gastric content of PGE 2 . AT 1 receptor blockers prevent stress-induced ulcerations by a combination of gastric blood flow protection, decreased sympathoadrenal activation, anti-inflammatory effects with reduction in TNF-, and ICAM-1 expression leading to reduced neutrophil infiltration, while maintaining the protective glucocorticoid effects and PGE 2 release. Ang II has a crucial role, through stimulation of AT 1 receptors, in the production and progression of stress-induced gastric injury, and AT 1 receptor antagonists could be of therapeutic benefit.
Introduction
Stress induces acute gastric mucosal lesions (33) by complex psychological factors influencing individual vulnerability, stimulation of specific brain pathways regulating autonomic function, decreased blood flow to the mucosa, increase in muscular contractility, mast cell degranulation, leukocyte activation and increased free-radical generation resulting in increased lipid peroxidation (2, 33, 49, 55) .
Cold-restraint stress is a commonly used and clinically relevant experimental model for acute gastric damage (44) . A sudden blood flow reduction to the gastric mucosa and increased free-radical formation play fundamental roles in ulcer production (49) . Maintenance of gastric blood flow is important to protect the mucosa from endogenous and exogenous damage factors.
Angiotensin II (Ang II) is a stress hormone (40) , which levels dramatically increase in plasma and tissues, including stomach, during stress (10,54). Ang II not only regulates vascular tone in resistance arteries (16) and in the brain (31) but also constricts the gastric vasculature through AT 1 receptor stimulation (19). In addition, Ang II generates reactive oxygen species with cellular damage and inflammation (36). The mucosal vasoconstriction and pro-inflammatory effects of Ang II could contribute to the production of stress-induced gastric ulcers.
Inhibition of Ang II AT 1 receptors with a peripheral and central receptor antagonist (31) prevents the sympathoadrenal and hypothalamic-pituitary-adrenal response to isolation stress (4) and protects the brain from injury by reducing the cerebral blood flow decrease during stroke (21, 32) . We asked the question whether a similar treatment could reduce the incidence of stress-induced acute gastric ulcers. We studied a widely used strain of 3 spontaneously hypertensive rats (SHR) characterized by increased sympathoadrenal reactivity to stress (28, 51 ) and because of the well known association between stress and cardiovascular disease (12).
To determine whether AT 1 receptor blockade could be of therapeutic advantage in stress-related disorders, we pretreated SHR with an AT 1 receptor blocker before coldrestraint stress. We tested the hypothesis whether any protective effect of AT 1 antagonists could be related to a combination of inhibition of the stress-induced hormone and sympathoadrenal response, inhibition of the vasoconstrictor effects of Ang II in the gastric blood flow, and inhibition of mucosal inflammation. 4 First experiment. Localization of AT 1 receptors in gastric blood vessels and effects of treatment with an AT 1 antagonist on gastric blood flow. Groups of six or seven rats were implanted subcutaneously with osmotic minipumps the day after their arrival to our animal facility, to deliver the Ang II AT 1 receptor antagonist candesartan, 1 mg/kg per day, or vehicle (0.1N Na 2 CO 3 ) at a constant infusion rate for 14 days. These animals
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were not submitted to cold-restraint stress. Different groups of rats were used for estimation of gastric blood flow after treatment and AT 1 receptor immunohistochemical localization.
Second experiment. Effects of pretreatment with an AT 1 receptor antagonist on cold-restraint induced ulcers. Different groups of six or seven animals were used to study the number of gastric ulcers after cold-restraint stress, or for autoradiography, biochemical or immunohistochemical analysis. Animals treated with vehicle or candesartan were submitted to stress between 9:00 AM and 12:00 noon. Animals were fasted for 24 h before the experiment with free access to water, placed in plastic restraining devices and maintained at 4 o C for 2 h (44). Immediately after the end of the 5 restraining period, the animals were sacrificed by decapitation. Additional groups of six animals treated with vehicle or candesartan were used as controls and remained in their cages at 22°C until sacrificed by decapitation after a 24 h period of fasting with free access to water (non-stressed rats).
Third experiment. Effects of oral pretreatment with an AT 1 receptor antagonist.
Groups of six animals received oral candesartan-cilexetil (TCV 116, from ASTRA, Mölndal, Sweden), 10 mg/kg per day for fourteen days, or vehicle, dissolved in their drinking water. Candesartan-cilexetil was first dissolved as a 1 mg/ml stock solution in polyethylene glycol 400/ethanol/Cremophor EL (Sigma Chemicals)/water (10/5/2/83 %), adjusted to pH 9 with 0.2 M Na 2 CO 3 . The solution was diluted in water to a final concentration equal to or less than 1/0.5/0.2% PEG/ethanol/Cremophor EL. We evaluated the number of stress-induced ulcers, hormones, catecholamines and TH mRNA.
Tissue preparation
The pituitary and adrenal glands were immediately removed, frozen in isopentane at -30 o C on dry ice, and stored at -80 o C until assayed. The stomachs were immediately removed, opened along the greater curvature, the lumen was rinsed with saline and the mucosa of the glandular portion was examined macroscopically. Positive lesions were identified in 2 cm 2 areas using a magnifier glass, and were defined as erosions of at least 1 mm in diameter with sharply demarcated edges and black or red bases.
For receptor binding, stomach sections, 16 m thick, were cut in a cryostat at -20 C, thaw-mounted on poly-l-lysine coated slides (Labscientific Inc, Livingston, NJ), dried overnight in a desiccator at 4 C, and stored at -80 C until assayed. For in situ hybridization, adrenal sections were cut as above and stored at -80 C until assayed.
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Measurement of gastric blood flow
We used groups of six animals treated with vehicle or candesartan as described above and not submitted to stress. Animals fasted for 24 h followed by anesthesia with sodium pentobarbital (50 mg/kg i.p., Nembutal, Abbot Laboratories, Chicago, IL, USA).
Gastric blood flow was determined by injecting, through catheter in the left atrium, 520
µl of a suspension containing 1.3 x 10 6 microspheres (15 µm each, Red BioPal; from Biophysics Assay Laboratory, BioPal, Inc.Worcester MA, USA) in a solution of saline with 0.05% Tween 80 and 0.01% Thimerosal. A reference blood sample was simultaneously drawn from a femoral arterial catheter using a withdrawal pump, to calculate absolute regional blood flow (38) . Immediately after, the animals were killed by decapitation, and their stomachs were removed and rinsed with a solution of a saline substitute (Sanssaline TM , Biopal) that lowers sodium and chloride levels. Blood flow was determined separately in the glandular portion and fundus, after these regions were identified as described (8) and isolated immediately after tissue removal. Blood flow for the whole stomach was calculated from the results of the glandular portion and fundus.
Blood and tissue samples were dried overnight at 70 o C and sent for analysis to the Biophysics Assay Laboratory in Worcester, MA. The samples were activated by exposure to a field of neutrons, the activated vials were stored for 48 hrs to allow decay of short-lived activation products, and after this decay period spectrographic analysis was performed to measure the concentration of the remaining radioactive nuclei in each sample (38) . The microsphere concentration of each segment [disintegrations per minute 7 (dpm)/g] was normalized to the microsphere concentration measured in the 2-min reference blood collection (in dpm/min/ml) to obtain blood flow in ml/min/g (38) .
Hormone and catecholamine determinations
Pituitary and adrenal hormones were determined by radioimmunoassay using commercially available kits (ICN Biomedicals, Inc., Costa Mesa, CA) (4). Adrenal catecholamines were measured by reverse-phase high-pressure liquid chromatography (HPLC) with electrochemical detection as described (4).
Determination of prostaglandin E 2 content.
We homogenized the tissue in phosphate saline buffer pH 7.4 containing 200 µM indomethacin, and determined the PGE 2 content by RIA with commercially available kit (Biotrack, Amersham Pharmacia Biotech Inc, Piscataway, NJ).
Angiotensin II receptor binding
We incubated adjacent sections of the glandular part of the stomach with 0. In situ hybridization of tyrosine hydroxylase mRNA.
One antisense oligonucleotide of 48-mer for the rat tyrosine hydroxylase (TH) Consecutive rat adrenal sections were incubated with labeled antisense oligonucleotide or with labeled olignucleotide with excess unlabelled probe (57 pMol/ml) as described (53) .
AT 1 receptors, TNF-, ICAM-1 and neutrophil immunohistochemistry
Six-µm stomach sections were cut with a cryostat, air-dried, fixed 10 min in cold acetone, rinsed in PBS and incubated 10 min in 0.03 % H 2 O 2 at room temperature. 
Statistical analysis
Data from number of gastric lesions, hormone and catecholamine content, TH mRNA and Ang II receptor types were analyzed by Two-way ANOVA using NewmanKeuls post test. Data from blood flow were analyzed by Student's t test. A value of P<0.05 was considered significant.
Results
Localization of AT 1 receptors by immunocytochemistry
In vehicle-treated non stressed rats, AT 1 receptors were expressed in all vessels studied, including the endothelium of arteries located in the mucosa of the gastric glandular portion (Fig 1A) , the endothelium of arteries located in the muscularis mucosa , larger arteries in the submucosa, and large veins in the submucosa (not shown).
Gastric blood flow
Pretreatment for 14 days with the AT 1 antagonist significantly increased the blood flow in the glandular portion and in the whole stomach. In the fundus the increase in the blood flow after AT 1 blockade was substantial (about a 30% increase) but the change was not statistically significant ( Fig 1B) .
Stomach lesions
Cold-restraint stress produced large numbers of mucosal lesions in the glandular portion of the stomach of rats treated with vehicle (Fig 2A,B) . Pretreatment for 14 days with the AT 1 antagonist administered subcutaneously reduced the number of stressinduced gastric ulcers by 80% (Fig 2B) . The number of lesions observed in stressed animals pretreated with the AT 1 blocker was not different from that observed in nonstressed controls ( Fig 2B) . In non-stressed rats, there was an occasional stomach lesion, in a concentration of less than one lesion per cm 2 , after either vehicle-treatment or AT 1 receptor blockade ( Fig 2B) . Oral administration of the AT 1 antagonist for 14 days also 11 significantly reduced the number of stress-induced lesions by approximately 70% (Fig   2B) .
Hormone and catecholamine responses to stress
Cold-restraint stress significantly increased adrenal corticosterone content but did not affect the content of ACTH in the pituitary gland of vehicle-treated rats (Table 1) .
Pretreatment with the AT 1 antagonist had no effect on adrenal corticosterone content in unstressed animals, did not modify the corticosterone response to cold-restraint, and did not significantly change the pituitary ACTH content (Table 1) .
Stress significantly decreased the adrenal content of epinephrine with no modification in norepinephrine levels, and significantly increased transcription of the rate limiting enzyme in catecholamine synthesis, TH, as evidenced by increased expression of TH mRNA, in the adrenal medulla (Table 1) . Pretreatment with the AT 1 antagonist did not modify the adrenal epinephrine or norepinephrine content or the expression of TH mRNA in non-stressed controls. However, pretreatment with the AT 1 antagonist significantly diminished increase in adrenomedullary TH mRNA and the reduction in adrenal epinephrine content produced by stress, without significantly modifying the adrenal norepinephrine concentration (Table 1) .
Pretreatment with oral candesartan produced changes similar to those obtained after subcutaneous administration of the AT 1 antagonist, namely reduction of the decrease in adrenal epinephrine content and reduction of the increase in adrenomedullary TH mRNA observed during stress, without alterations in the stress-induced increase in adrenal corticosterone levels (results not shown).
Angiotensin II AT 1 and AT 2 receptor binding
In control, non-stressed rats, we detected low levels of AT 1 In summary, the glandular portion of the stomach expressed higher AT 1 than AT 2 receptor numbers, receptor expression was higher in the muscularis mucosa, both stress and AT 1 blockade decreased AT 1 receptor binding, and the effects of either stress or AT 1 blockade on AT 2 receptors were not substantial.
TNF-immunocytochemistry
In the mucosa of the glandular portion of the stomach, the expression of TNFwas low in control, non-stressed rats treated with vehicle ( Fig 4A) and in non-stressed animals treated with the AT 1 blocker (not shown). Stress produced a massive increase in TNF-immunoreactivity localized to cells infiltrating the gastric mucosa and localized to the interstitial tissue (Fig 4B) . This increase was completely prevented by pretreatment with the AT 1 receptor antagonist (Fig 4C) . Cells positive for TNF-revealed a morphology compatible with that of infiltrating neutrophils.
ICAM-1 immunocytochemistry
We detected ICAM-1 expression in the endothelium of small arteries located in the mucosa, larger arteries in the submucosa, and venules in the submucosa of the glandular portion of the stomach (Fig 5) . While ICAM-1 expression was very low in all vessels from non-stressed rats (not shown) endothelial ICAM-1 expression markedly increased and was very intense in all vessels from stressed animals pretreated with vehicle (Fig 5 A, C, E) . AT 1 blockade very substantially decreased ICAM-1 expression in all vessels from rats submitted to stress (Fig 5 B, D, F) , to levels apparently not 14 different from those in untreated non-stressed controls, and completely abolished the low expression of ICAM-1 in endothelial cells of control, non-stressed rats (not shown).
Neutrophil infiltration
Large numbers of infiltrating neutrophils were detected by immunocytochemistry in animals submitted to stress and treated with vehicle (Fig 6 A,C,D) . Neutrophils were present around blood vessels and in the interstitial space of the gastric mucosa (Fig 6, D) , and they were also present in large numbers in the gastric lesions (Fig 6 C) . Pretreatment with the AT 1 antagonist markedly reduced the number of neutrophils in the stressed group (Fig 6 B) . Quantification revealed a large decrease in neutrophil numbers when stressed rats were pretreated with the AT 1 receptor antagonist (Fig 6 E) . Some neutrophils were detected in non-stressed animals treated with vehicle and their number was decreased after treatment with the AT 1 blocker (not shown).
Prostaglandin PGE 2 content in the stomach.
We studied the content of prostaglandin PGE 2 in the whole stomach. The PGE 2 content was very significantly decreased by both cold-restraint stress in vehicle-treated rats (a 50% reduction) or by AT 1 antagonism in control non-stressed animals (about a 70% reduction) ( Figure 7) . In animals pretreated with the AT 1 antagonist, stress further decreased PGE 2 content, to a level approximately 20% of that of vehicle-treated nonstressed controls (Figure 7 ). The decrease in PGE 2 content produced by stress or by AT 1 antagonism, however, was not statistically different when compared between the vehicletreated, stressed group and the groups treated with candesartan ( Figure 7) .
Discussion
Our results demonstrate that pretreatment with an Ang II AT 1 receptor antagonist dramatically decreases the number of ulcerations produced by cold-restraint stress, protecting the gastric mucosa from stress-induced injury, in a model of genetically hypertensive rats hypersensitive to stress (28, 51) . Ang II appears to be an essential factor in the production of stress-induced gastric ulcers, and selective blockade of AT 1 receptors may have therapeutic advantages in these conditions.
We found several mechanisms, probably interrelated, which could be involved in catecholamine synthesis by the AT 1 antagonist during cold-restraint stress was smaller than that observed during isolation stress (4). These differences were probably related to the intensity of the stress in the present study, clearly more intense than that of isolation in individual cages.
Second, AT 1 receptor blockade did not prevent the increase in adrenal corticosterone produced by cold-restraint stress. This is of interest because a similar treatment completely blocked the hypothalamic-pituitary-adrenal hormonal response to isolation (4) and demonstrates that Ang II regulates the stress reaction differently, depending on the kind and intensity of the stress (22). Because maintenance of a normal pituitary-adrenal response to stress parallels an almost total protection from gastric ulceration, our results support the hypothesis that, while large doses of exogenously administered corticosteroids are ulcerogenic, endogenous corticoids actually contribute to protect the gastric mucosa from ulceration during stress, probably by contributing to an increase in blood flow and secretion of bicarbonate (13). Sixth, we confirm that the gastric content of PGE 2 is substantially decreased after cold-restraint (6). We could interpret this finding as the result of decreased PGE 2 synthesis, which increased TNF-production by inflammatory cells, as it is the case after Results are presented as the mean ± SEM of groups of six rats, measured individually. * p<0.01 vs. non-stressed rats treated with vehicle. 
